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Poorly healing diabetic wounds are characterized by
diminished collagen production and impaired angio-
genesis. HoxD3, a homeobox transcription factor
that promotes angiogenesis and collagen synthesis, is
up-regulated during normal wound repair whereas its
expression is diminished in poorly healing wounds
of the genetically diabetic (db/db) mouse. To deter-
mine whether restoring expression of HoxD3 would
accelerate diabetic wound healing, we devised a novel
method of gene transfer, which incorporates HoxD3
plasmid DNA into a methylcellulose film that is placed
on wounds created on db/db mice. The HoxD3 trans-
gene was expressed in endothelial cells, fibroblasts,
and keratinocytes of the wounds for up to 10 days.
More importantly, a single application of HoxD3 to
db/db mice resulted in a statistically significant accel-
eration of wound closure compared to control-treated
wounds. Furthermore, we also observed that the
HoxD3-mediated improvement in diabetic wound re-
pair was accompanied by increases in mRNA expres-
sion of the HoxD3 target genes, Col1A1 and f33-inte-
grin leading to enhanced angiogenesis and collagen
deposition in the wounds. Although HoxD3-treated
wounds also show improved re-epithelialization as
compared to control db/db wounds, this effect was
not due to direct stimulation of keratinocyte migra-
tion by HoxD3. Finally, we show that despite the
dramatic increase in collagen synthesis and deposi-
tion in HoxD3-treated wounds, these wounds showed
normal remodeling and we found no evidence of ab-
normal wound healing. These results indicate that
HoxD3 may provide a means to directly improve col-
lagen deposition, angiogenesis and closure in poorly
healing diabetic wounds. (Am J Pathol 2003,
163:2421-2431)

Wound healing is an intricate process involving the com-
munication and interaction between fibroblasts, endothe-
lial cells, keratinocytes, inflammatory cells, and the extra-
cellular matrix. Disruption of these interactions can impair
angiogenesis and/or collagen synthesis resulting in
wounds that heal slowly and incompletely.' A major
complication of diabetes mellitus is deficient wound re-
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pair arising from inadequate collagen deposition and
angiogenesis, and attempts to understand the underlying
defects to enhance wound healing are the subject of
extensive investigation. The leptin receptor-deficient dia-
betic (db/db) mouse is an established model of deficient
wound healing associated with diabetes.”

Similar to wounds in diabetic humans, diabetic animals
display poor wound healing and a reduction in angiogen-
esis and granulation tissue formation.*~® We had previ-
ously observed that expression of the homeobox gene,
HoxD3, is also compromised in wounds made in db/db
animals.” HoxD3 is a member of the homeobox (Hox)
family of master transcription factors that are expressed
during normal embryogenesis, skin development, and
during fetal wound healing.8~'° Hox genes have a con-
served 180-bp DNA binding sequence and can modulate
expression of a number of genes associated with extra-
cellular matrix remodeling and angiogenesis, two essen-
tial aspects of wound repair.’"'® Our previous studies
showed that HoxD3 increases expression of both uPA
and the B3-integrin and that HoxD3 promotes endothelial
cell migration.' More recently, we showed that HoxD3
also stimulates expression of type | collagen (Col1A1).”
Others have shown that HoxD3 also stimulates expres-
sion of ets-1, a transcription factor that regulates expres-
sion of many proteolytic enzymes and whose expression
is markedly reduced by high glucose levels in diabetic
models. ' '® Together these findings suggest that HoxD3
may play an essential role in normal wound repair.

It is not clear why HoxD3 expression is diminished in
wounds of db/db mice. One explanation may be reduced
expression of cytokines including platelet-derived growth
factor and its receptor platelet-derived growth factor-B,
as well as vascular endothelial growth factor, basic fibro-
blast growth factor (bFGF), and transforming growth fac-
tor-B, which are all reduced in diabetic models.’” 2" Our
previous studies have shown that expression of HoxD3 is
induced by wound-associated cytokines including bFGF
and tumor necrosis factor-a.'' Furthermore, the finding
that the ability of bFGF to induce expression of uPA and
avB3-integrin is blocked in cells lacking HoxD3, suggests
that HoxD3 acts as a downstream transcriptional activa-
tor of wound repair programs that are normally induced in
response to a variety of cytokines. Thus, restoring levels
of HoxD3 and its target genes, avB3, integrin, uPA, and
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Col1A1, via gene transfer may represent a novel means
to enhance angiogenesis, collagen synthesis, and accel-
erate wound repair in the compromised diabetic wound
environment.

Materials and Methods

Cell Culture, Construction, and Transfection of
the HA-HoxD3 Expression Plasmid

For construction of the HA/HoxD3 expression plasmid,
the HoxD3 coding sequence cloned into a CMV-driven
expression plasmid (pcDNA3) as previously de-
scribed,! was excised using Kpn/Notl and inserted in
frame into the pHMG6 epitope expression vector under
control of the CMV promoter (Boehringer Mannheim, In-
dianapolis, IN). The sequence of the resulting HA/HoxD3
expression vector was confirmed by ABI sequencing at
the Biomolecular Resource Center at UCSF. HMEC-1
cells were cultured as previously described.'®?2
HMEC-1 were transfected with HA/HoxD3 or CMVBgal
using Effectene (Qiagen, Valencia, CA) and stable pools
of transfected cells were selected using 35 ug/ml of
G418.

Preparation of HoxD3 Retroviral Vectors

Human HoxD3 cDNA was isolated by reverse transcrip-
tase-polymerase chain reaction (RT-PCR) using the fol-
lowing primers: forward 5’-agggtcagcaggccctggagce-3’
corresponding to bp 1370 to 1391 and reverse 5'-
agagcggggaagggggttcccgaact-3' corresponding to bp
4598 to 4623 of the human genomic sequence, GenBank
accession number D11117. The 1.3-kb PCR product was
ligated into the TopoTA cloning vector (Invitrogen, Carls-
bad, CA) and the identity of the insert confirmed by
sequencing using ABI big dye terminator technology
(UCSF Biomolecular Resource Center). The HoxD3
cDNA sequence was excised with Hindlll (blunt) and Xhol
and ligated into the Hpa/Xhol sites in the pLXSN retroviral
vector (Clontech, Palo Alto, CA). Active virus was col-
lected by harvesting the culture media of Phoenix 293
packaging cells, 48 hours after CaPO, transfection with
pPLXSNHoxD3 or pLXSN.

Isolation of Primary Mouse Fibroblasts

Fibroblasts were isolated from wild-type C57BL mice by
placing explants (1 X 1 mm) on plastic culture dishes that
were subsequently cultured in Dulbecco’s modified Ea-
gle’s medium containing 10% fetal bovine serum after the
tissue had dried to the plate. Tissue explants were grown
to confluency and passaged as needed.

Collagen Expression in Fibroblasts

For analysis of HoxD3 on collagen expression, wild-type
fibroblasts were infected with either control (Plxsn) or
HoxD3 retroviral vectors for 24 hours. Another 24 hours

later, 1 X 10° control or HoxD3-infected fibroblasts were
embedded within three-dimensional collagen gels pre-
pared by incubating 4 ml of a 2.9 mg/ml solution of
bovine collagen (Invitrogen), 10X Dulbecco’s modified
Eagle’s medium, and 0.34 mol/L NaOH per 100-mm tis-
sue culture dish. Forty-eight hours later RNA was har-
vested using Trizol Reagent (Life Technologies, Inc.,
Rockville, MD). Relative HoxD3 levels were confirmed by
semiquantitative RT-PCR as previously described.”
Col1A1 mRNA levels in control and HoxD3-infected cul-
tures were determined using semiquantitative RT-PCR
with the following mouse primers: forward primer 5'-GC-
CAAGAAGACATCCCTGAAG-3' and the reverse primer
5'-TCATTGCATTGCACGTCATC-3" were run for 20 cy-
cles at 55°, which yielded a 139-bp product.

Animals

Genetically diabetic C57BL/KsJ-db/db mice and their
nondiabetic littermates were obtained from Jackson Lab-
oratories (Bar Harbor, ME). Animals were housed in the
University of California, San Francisco, animal care facil-
ity. The Committee on Animal Research approved all
procedures. All mice were between 8 and 12 weeks of
age at time of wounding.

Preparation of DNA/Methyicellulose Pellets and
Application to Wounds

Twenty-five ug of HoxD3 DNA or CMV Bgal plasmid DNA
was resuspended in a volume of 25 ul of ddH,0 and
mixed with an equal volume of 1% methylcellulose pre-
pared in ddH,0. Fifty ul of this solution was spotted onto
bacterial plates and allowed to dry at room temperature
for 2 hours. The dehydrated pellets were removed intact
from the plates with forceps. Immediately after wounding,
the methylcellulose pellet containing the HoxD3 or Bgal
plasmid was applied to the wound. The 0.8-cm wounds
received one 25-ug pellet whereas the 2.5-cm wounds
received four 25-ug pellets.

Wounding and Measurement of Wound Closure

Wild-type and diabetic mice were anesthetized with 0.04
cc of ketamine: xylazine (50 mg/ml: 2.5 mg/ml). The
dorsum of the mouse was shaved and an open wound
was excised including the panniculus carnosus layer. For
wound biopsy purposes, animals received bilateral
0.8-cm wounds. The HA/HoxD3 plasmid was placed on
one side and the Bgal plasmid on the other. Animals were
sacrificed on days 2, 5, 7, 10, 14, and 17 after wounding
after which wounds were harvested and processed for
RNA, in situ hybridization, or immunohistochemistry. A
total of five wild-type mice and five db/db mice were used
at each time point. For wound closure measurements, a
single 2.5-cm wound was created on each animal and
treated with either HA/HoxDS3 or Bgal plasmid. The open
wounds were measured immediately after wounding and



then every 7 days until the wound was healed. The NIH
Image J analyzer was used to determine the area of the
wound tracing. The areas of the wounds were compared
using the paired Student’s t-test.

Immunohistochemistry

Five-um paraffin sections were deparaffinized by heating
at 80°C and washing in CitriSolv then blocked with 3%
hydrogen peroxide and 1% goat serum. Tissues were
treated with a 1:200 dilution of polyclonal anti-von Wille-
brand factor antibody (DAKO, Carpinteria, CA) followed
by a 1:500 dilution of biotin-conjugated anti-rabbit sec-
ondary antibody for 1 hour. Tissue sections were then
treated with Vectastain ABC reagent. Von Willebrand
Factor was then detected with diaminobenzidine (Zymed,
South San Francisco, CA) or Nova Red (Vector Labora-
tories, Burlingame, CA). Immunohistochemistry for HA/
HoxD83 staining was performed on 7-um frozen sections
of db/db wound tissue. Tissues were permeabilized with
acetone and blocked in 0.3% normal goat serum and
0.3% H.,0, for 1 hour. Sections were incubated with a
1:150 dilution of a rabbit polyclonal antibody against HA
(SC-805; Santa Cruz Biotechnology, Santa Cruz, CA)
followed by a biotinylated goat anti-rabbit antibody and
Vectastain ABC reagent (Vector Laboratories). Color was
developed using the Nova Red substrate kit (Vector Lab-
oratories) and tissues were counterstained using Gils
hematoxylin (Fisher, Pittsburgh, PA).

To detect angiogenesis in the wounds, 10-um frozen
sections were incubated with a 1:100 dilution of rat anti-
mouse CD31 (PECAM) antibody (Pharmingen, San Di-
ego, CA) followed by a 1:250 dilution of biotin-conjugated
goat anti-rat IgG (Jackson Laboratories, Bar Harbor, ME)
and color developed using the Vectastain ABC Reagent
(Vector Laboratories) and Nova Red and tissues were
counterstained using Gills hematoxylin no. 3 (Fisher).

Vascular Labeling in the Skin with Lycopersicon
esculentum

Six days after creation of bilateral wounds and placement
of either the HoxD3 or Bgal cDNA plasmid, animals were
prepared for vascular labeling with FITC-conjugated L.
esculentum (Vector Laboratories, Burlingame, CA). Ani-
mals were anesthetized with inhalation isofluorane. The
femoral vein was isolated via a groin incision and cannu-
lated with a 30-gauge needle after which 100 ul of L.
esculentum was injected. This was allowed to perfuse for
3 minutes in the animal. After 3 minutes, the chest was
entered, the left ventricle was cannulated and the right
ventricle was incised. The animal was perfused and fixed
with 1X phosphate-buffered saline, 1.0% paraformalde-
hyde, 0.5% glutaraldehyde, pH 7.4, 0.44-um filtered at 7
mi/minute for 3 minutes. The wounds were then harvested
from the dorsum of the animal and processed for histo-
chemistry.
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Trichrome Staining

Tissue samples were harvested and processed by the
Masson-Goldner trichrome method for analysis of total
collagen as previously described.”

Histological Score

Wounds (0.8 cm) were harvested 7 days after application
of either control (Bgal) or HoxD3 expression plasmids.
Histological scores were assigned in a blinded manner
according to the method of Greenhalgh and colleagues.®
Briefly, each specimen was given a score of 1to 12: 1 to
3, none to minimal cell accumulation and granulation
tissue or epithelial migration; 4 to 6, thin, immature gran-
ulation dominated by inflammatory cells but with few
fibroblasts, capillaries, or collagen deposition and mini-
mal epithelial migration; 7 to 9, moderately thick granu-
lation tissue, ranging from being dominated by inflamma-
tory cells to more fibroblasts and collagen deposition;
and 10 to 12, thick, vascular granulation tissue domi-
nated by fibroblasts and extensive collagen deposition.

RNA Isolation and Northern Blot Analysis

Mouse wound tissue was excised, snap-frozen in liquid
nitrogen, and homogenized with Trizol Reagent (Life
Technologies, Rockville, MD) for RNA isolation. For iso-
lation of cellular RNA, the Qiagen RNAeasy kit was used
as described."" For Northern blot analysis, a total of 5 to
10 pg of total RNA was electrophoresed through 1%
agarose gels. Blots were probed with 1 X 10° cpm of
labeled cDNA probe against human Col1A1 (American
Type Culture Collection, Rockville, MD) or B3 integrin (11)
and washed three times under low-stringency conditions
of 2% standard saline citrate/0.1% sodium dodecy! sul-
fate for 30 minutes at 45°C. Membranes were exposed to
Kodak BioMax film at —70°C. mRNA levels were quanti-
tated by scanning densitometry of the film and normal-
ized to ethidium bromide staining of total ribosomal RNA
using Chem-Imager 4000 software (Alpha Innotech, San
Leandro, CA).

Immortalized MK Keratinocytes

MK keratinocytes (obtained from Dr. David Morris, UCSF,
San Francisco, CA) were cultured in low-calcium EMEM
(BioSource) containing 10% dialyzed fetal calf serum
(Hyclone, Logan, UT) and 50 ng of epidermal growth
factor (R&D Systems, Minneapolis, MN). After infection
with either control or HoxD3 retroviral vectors, stably
expressing cells were selected using 100 wg/ml of G418.

Scratch Wound Assay

Scratch wounds (1 mm) were generated in confluent
cultures of either control or HoxD3-expressing MK kera-
tinocytes using a sterile 1-ml pipette tip. Cultures were
photographed 24 hours later and the number of cells that
had migrated into the denuded area was counted.
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Figure 1. Expression of HoxD3 in transfected cells. a: RT-PCR showing
increased expression of a 415-bp band corresponding to HoxD3 in HMEC-1
transfected with HA/HoxD3 expression plasmids. Total RNA loading is
shown by the 390-bp band corresponding to 18s ribosomal RNA, amplified
by competitive RT-PCR. b: Immunoprecipitation of HA-HoxD3 in transfected
HMEC-1 and subsequent immunoblotting with an anti-HA antibody shows
expression of an ~45-kd protein, corresponding to the size of the HoxD3
protein. ¢: Top: Northern blot analysis of B3-integrin; middle: Col1A1 mRNA
expression levels in control and HA/HoxD3-transfected HMEC-1; bottom:
relative loading of total RNA as visualized by ethidium bromide staining of
ribosomal RNA (rRNA). d, Top: RT-PCR analysis of HoxD3 mRNA expression
in mouse primary fibroblasts, 96 hours after transient infection of primary
mouse fibroblasts with either a control or HoxD3-expressing retrovirus.
Relative RNA loading is shown by the lower band corresponding to 18s RNA.
d, Bottom: RT-PCR analysis of relative levels of Col1A1 mRNA expression in
primary fibroblasts 96 hours after infection with either control or HoxD3-
expressing retrovirus. Relative RNA loading is shown by semiquantitative
RT-PCR for 18s RNA.

DNA Synthesis Assay

Cells were labeled in serum-free media containing 10
wmol/L 5-bromo-2'-deoxy-uridine (BrdU) for 8 hours and
fixed in a 70% ethanol and stained with the anti-BrdU kit
(Boehringer Mannheim) according to the manufacturer’s
instructions. Cells were subsequently stained with 4,6-
diamidino-2-phenylindole and the number of BrdU-posi-
tive nuclei were counted in each of five random fields and
expressed as a percentage of total cells present in each
field.

Results

Expression of HA-HoxD3 in Culture and in Vivo

We generated a HA epitope-tagged HoxD3 with the HA
tag fused to the N-terminal. We stably transfected

HMEC-1 endothelial cells that resulted in an increase in
HoxD3 mRNA expression (Figure 1a). The resulting fu-
sion protein of ~45 kd, which corresponds to the pre-
dicted MW for HoxD3, could be immunoprecipitated with
an antibody against HA (Figure 1b). Increased expres-
sion of HA/HoxDS3 resulted in a corresponding increase in
the HoxD3 target genes: collagen (Col1A1) and B3-inte-
grin mRNA expression (Figure 1c) similar to our previous
results using an untagged HoxD3 expression plasmid.””
In addition, primary mouse fibroblasts transiently infected
with a HoxD3-expressing retrovirus also show an in-
crease in Col1A1 expression (Figure 1d).

To transfect cells in the wound we applied methylcel-
lulose pellets containing HA/HoxD3 cDNA to one wound
and the control plasmid DNA (CMVBgal) to the contralat-
eral wound. The uptake and expression of the HA/HoxD3
by cells in the wound was detected using an antibody
against the HA epitope. Bgal-treated (control) db/db
wounds do not show any specific staining for the HA
epitope after 7 days (Figure 2, a and c). In contrast, the
HA/HoxD3-treated wounds showed areas of positive
staining beginning at 2 days and continuing until at least
7 days (Figure 2, b and d). Furthermore, RT-PCR for
HoxD3 expression shows that whereas the overall ex-
pression of HoxD3 mRNA is markedly decreased in
7-day db/db wound tissue as compared to 7-day wild-
type wounds, treatment of db/db wounds with HoxD3
expression plasmid results in marked increase HoxD3
mRNA levels that approaches that of wild-type wounds
(Figure 2e). In addition, expression of the HoxD3 trans-
gene did not appear to be restricted to any particular cell
type but rather was expressed by a variety of proliferating
cells resembling fibroblasts, endothelial cells, and basal
keratinocytes, respectively (Figure 2; f to h). Despite the
extensive expression at 7 days, by 10 days expression of
the HA/HoxD3 had markedly declined and was barely
detectable in cells of the wounds (not shown).

HoxD3 Expedites Wound Closure in Diabetic
Animals

To measure effect of HoxD3 treatment of diabetic wounds
on wound closure, 2.5-cm? wounds were treated with
either HoxD3 or control DNA. A representative photo-
graph of the wounds in db/db mice 21 days after wound-
ing showed a smaller wound in the HoxD3-treated mice
relative to control (Figure 3, a and b).

HoxDS3 treatment resulted in a statistically significant
smaller wound from day 7 until closure; with the greatest
difference between 14 to 28 days as compared to control

Figure 2. Expression of HA/HoxD3 in wounds. a: Immunoperoxidase staining for HA in frozen sections from control wounds in db/db mice 7 days after treatment
with pellets containing Bgal cDNA and stained with a polyclonal antibody against HA. Only background staining (red/brown color) derived from extravasated
red blood cells is observed in the tissue. b: Inmunoperoxidase staining for HA/HoxD3 in frozen sections from wounds in db/db mice 7 days after treatment with
pellets containing an HA epitope-tagged HoxD3 DNA expression plasmid. Tissues were stained with a polyclonal antibody against HA. Positive staining
(red/brown color) is observed in numerous areas of granulation tissue (arrows) that has formed at the edge of the wound. ¢: Higher magnification of control
plasmid-treated wounds (a) showing a lack of positive staining in the tissue. d: Higher magnification of HA/HoxD3-treated wounds (b) showing positive cellular
staining. e: RT-PCR showing relative levels of HoxD3 mRNA in 7-day wound tissue harvested from wild-type, db/db mice treated with control plasmid or db/db
wounds treated with HoxD3. f: Immunoperoxidase staining for HA/HoxD3 in granulation tissue of wounds 5 days after application of HA-HoxD3 plasmids.
Positive staining is observed in both fibroblasts and endothelial cells. g: Immunoperoxidase staining for HA/HoxD3 in the looser granulation tissue of 7-day
wounds shows an increased number of transfected fibroblasts as compared to 2-day wounds. h: Immunoperoxidase staining for HA/HoxD3 in wounds 7 days
after application of HA epitope-tagged HoxD3 DNA. Positive staining is observed in basal keratinocytes (arrow) at the edge of the wound.
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Figure 3. Closure of wounds in db/db mice is accelerated by application of
HoxD3. a: Representative photograph showing wound appearance of a
2.5-cm wound 21 days after treatment with Bgal (control). b: Representative
photograph showing reduced size of a 2.5-cm wound 21 days after gene
transfer of HoxD3. ¢: Wound closure in control (A) versus HoxD3 ([D-
treated diabetic wounds. Wound diameter was measured every 7 days after
excision of a 2.5-cm wound in db/db mice. Mice treated with HoxD3 showed
a significantly (**, P < 0.05) greater degree of closure at days 7, 14, 21, 28, 35,
42, and 49 days as compared to control DNA-treated wounds (HoxD3, n =
10; control DNA, n = 10).

DNA-treated animals (Figure 3c). On average, the control
diabetic wounds closed by day 77 (=14 days) and the
HoxD3-treated wounds closed 2 weeks earlier at day 63
(x5 days), whereas nondiabetic wild-type wounds re-
quire only 21 days to show complete closure (S. L. Han-
sen, unpublished). Interestingly, application of HoxD3 to
wild-type wounds that show normal induction of HoxD3
expression after wounding did not result in any significant
improvement in wound closure (data not shown).

Increased Angiogenesis in HoxD3-Treated
Wounds

Because HoxD3 can promote an angiogenic phenotype
in endothelial cells’" we examined whether the HoxD3-
mediated improvement in wound closure in db/db mice
was accompanied by an increase in angiogenesis. We
administered bilateral 0.8-cm wounds and harvested tis-
sue after 7 days. Wounds treated with HoxD3 were more
compact and displayed an increased amount of granu-
lation tissue as compared to the contralateral control
DNA-treated wounds at 7 days after wounding (Figure 4;
a, b, d, and f). The improvement in wound appearance
and granulation tissue was confirmed by the significantly
increased in histological score of HoxD3 as compared to
control-treated wounds (Figure 4c). Staining of serial sec-
tions of control (Figure 4, d and e) and HoxD3-treated
wounds (Figure 4, f and g) with the endothelial-specific
marker, PECAM (CD31) revealed an increase in micro-
vascular density in HoxD3 as compared to control-
treated animals by 7 days. In addition, perfusion with the

endothelial lectin, L. esculentum revealed an increase in
vascular density in HoxD3 as compared to control-
treated wounds (Figure 4; h to k).

HoxD3 Increases Collagen and B3-Integrin
mRNA Expression

To determine whether the HoxD3-mediated improvement
in wound healing and angiogenesis correlated with in-
creased expression of HoxD3 downstream target genes,
avB3-integrin and Col1A1, in vivo, we performed Northern
blot analysis on wound tissue collected on days 3, 7, and
10 after wounding. Whereas B3-integrin and Col1A1
mRNA were barely detectable in wound tissue from the
control-treated wound at day 3, the HoxD3-treated
wounds showed a marked increase in expression of both
Col1A1 and B3-integrin (Figure 5a). B3-integrin and
Col1A1 mRNA expression levels continued to increase
up to 7 days after HoxDS3 treatment (Figure 5b). It is worth
noting that the threefold to fourfold increase in Col1A1
expression induced by HoxD3 over control-treated db/db
animals is similar to the threefold to fourfold increase
observed in nondiabetic wild-type animals as compared
to their diabetic counterparts 7 days after wounding.” In
other words, HoxD3 treatment of diabetic wounds in-
creased expression of Col1A1T mRNA to the same level
seen in wild-type wounds at the same time point. Expres-
sion of Col1A1 mRNA remained higher in HoxD3-treated
animals at 10 and 14 days (Figure 5c, and data not
shown). Expression of B3-integrin also remained higher in
HoxD3 as compared to control-treated animals after 10
days (Figure 5¢, middle).

Wound Appearance at 14 Days after Gene
Transfer of HoxD3

By 14 days after application of HoxD3 or control DNA,
differences in the appearance of wounds were readily
observed. Trichrome staining was performed on wound
biopsies harvested from animals 14 days after applica-
tion of control cDNA (Figure 6, a and d) or HoxD3 cDNA
to wounds (Figure 6, b and e). HoxD3-treated animals
showed markedly enhanced collagen deposition as well
as increased blood vessel density relative to control
DNA-treated animals. A representative photograph of a
db/db animal, 14 days after creation of bilateral 0.8-cm
wounds is shown (Figure 6¢). The HoxD3-treated wound
on the right side of the mouse revealed complete re-
epithelialization by 14 days as compared to control DNA-
treated wounds on the left side of the animal.

HoxD3 Does Not Directly Increase Keratinocyte
Migration

Because we consistently observed an increase in re-
epithelialization in HoxD3-treated wounds and observed
that HoxD3 expression plasmid could be expressed in
keratinocytes (Figure 2h), we also determined whether
HoxD3 directly enhanced migration of keratinocytes. Im-
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Figure 4. Increased angiogenesis in HoxD3-treated animals. a: Photomicrograph of a frozen section of a 7-day, 0.8-cm wound treated with control DNA. Black
arrows show the wound margins and the smaller arrowheads show the leading edge of the keratinocytes. b: Photomicrograph of a frozen section of the
corresponding contralateral 7-day, 0.8-cm wound treated with HoxD3 ¢DNA. Black arrows show the wound margins and the white arrowheads show the
leading edge of the keratinocytes. ¢: Histological score of 7-day, 0.8-cm wounds from control (C1)- or HoxD3 (l)-treated mice (**, P < 0.001; n = 3). d: Serial
section of the same 7-day wound treated with control DNA treated corresponding to the boxed region shown in a. The section was stained with an antibody
against PECAM (CD31) and only diffuse staining (red/brown) is observed throughout the relatively thin layer of granulation tissue (gr § ). e: Higher magnification
of d showing a lack of well-formed vessels and many erythrocytes within the granulation tissue. f: Serial section of the contralateral 7-day wound treated with
HoxD3 corresponds to the boxed region shown in b. The section was stained with an antibody against PECAM and numerous small vessels are observed within
the granulation tissue formed under the leading edge of the keratinocytes (arrow). The relative thickness of the granulation tissue is also indicated (gr §). g:
Higher magnification of f shows positively stained capillaries within the granulation tissue of HoxD3-treated wounds. h: Low-power (X10) magnification of
granulation tissue near the edge of 7-day wounds in animal treated with control ¢cDNA after perfusion of L. esculentum. i: Higher magnification of h showing
relatively few positive endothelial cells in the granulation tissue. j: Low-power (X10) view of granulation tissue near the edge of the contralateral 7-day wound
after treatment with HoxD3 and perfusion with L. esculentum. k: Higher magnification of j showing abundant lectin-positive endothelial cells and vessel within
the granulation tissue of HoxD3-treated wounds. Scale bars, 15 um (e, g).

mortalized keratinocytes were stably transfected with ure 7, b and c). We also observed a similar trend toward
control or HoxD3-expressing retrovirus (Figure 7a). Sur- inhibition of migration by HoxD3 in primary keratinocytes
prisingly, expression of HoxD3 inhibited migration of ker- infected with a HoxDS3 retroviral vector (not shown). To
atinocytes as compared to control transfected cells (Fig- determine whether this was related to an inhibition of
proliferation and/or migration, we performed BrdU label-

a b g ing on stably transfected control or HoxD3-expressing

keratinocytes, and observed no difference in DNA syn-
thesis (Figure 7d).
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Figure 5. Increased collagen and B3-integrin mRNA expression in wound

tissue from HoxD3-treated mice. a: Northern blot showing expression of type Flna”y’ because HoxD3 induces such a robust expres-

I collagen mRNA (Col1A1, top) in wounds from a db/db mouse treated with sion and deposition of collagen, we investigated whether
Bgal (control) or HoxD?3 for 3 days. The blot was stripped and reprobed with these wounds would eventually dlsplay evidence of ab-
a B3-integrin ¢cDNA probe (middle). Corresponding total RNA loading . . )

(rRNA) as visualized by ethidium bromide staining is shown at the bottom. normal wound heallng, anglogenesis, or altered cellular
b: Northern blot showing expression of type I collagen mRNA (top) at 7 days phenotypes_ Histo|ogica| ana|ysis of 0.8-cm wounds was

in wounds treated with either control DNA or HoxD3. The blot was stripped ;
and reprobed with a B3-integrin cDNA probe (middle). The corresponding performed 21 and 42 days after treatment with HoxD3.

ribosomal (rRNA) loading controls are shown (bottom). c: Northern blot After 21 days (Figure 8, a and b) trichrome staining
analysis shows type I collagen mRNA expression (top) in control- or HoxD3- reveals Signiﬂcant amounts of Co||agen deposited in the
treated wounds from the same animal after 10 days. The blot was stripped .

and reprobed with a B3-integrin ¢cDNA probe (middle). Bottom: Relative HoxD3-treated YVOUndS. However’ by 42 days (Flgure 8’ C
RNA loading as visualized by ethidium bromide staining. and d) the relative amount of collagen present at the site
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|

Control +HoxD3

Figure 6. Improved wound appearance and increased deposition of collagen after HoxD3 gene transfer. a:. Trichrome staining of wounds 14 days after
application of control DNA. Collagen is stained in blue and the arrowhead shows the wound margins. b: Trichrome staining of wounds 14 days after application
of HoxD3. Wound margins are indicated by the arrows. c: Photo shows bilateral wounds in two db/db mice 14 days after application of either Bgal (control)-
or HoxD3-containing pellets on 0.8-cm wounds. Note the HoxD3-treated wounds are closed at this point while the control-treated wound has not completely

closed. d: Higher magnification of a. e: Higher magnification of b. Scale bars, 50 um (d and e).

of repair was reduced and accompanied by a decrease
in vascular density in the healed wound area consistent
with normal wound repair and remodeling. The HoxD3-
treated wounds appear similar to control cDNA-treated

-Hox D3
-18sRNA

Control +HoxD3 A
+HoxD3

Control
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Figure 7. HoxD3 impairs keratinocyte migration. a: RT-PCR showing relative
levels of HoxD3 mRNA expression in keratinocytes infected with control or
HoxD3-expressing retrovirus. The top band shows the specific 415-bp band
corresponding to HoxD3 and the bottom 395-bp band shows the relative
levels of 18s RNA in each sample. b: Photomicrographs showing the relative
degree of migration by control or HoxD3-expressing keratinocytes 24 hours
after application of scratch wounds (original magnification, X10). The black
boxes indicate the initial wound area. ¢: Quantitative analysis of keratino-
cyte migration after infection with control () or HoxD3 (#&)-expressing
retrovirus. **, P < 0.05, n = 4. d: DNA synthesis in control (l) or HoxD3
(@)-expressing keratinocytes as measured after incorporation of 10 wmol/L
BrdU, n = 5.

wounds after 42 days, which were also healed at this time
point (Figure 8, e and f).

Discussion

In our previous studies, we demonstrated that expression
of the homeobox transcription factor, HoxD3, is de-
creased in wounds of genetically diabetic mice with im-
paired healing as compared to wild-type mice with nor-
mal healing wounds.” We now show that restoring
expression of HoxD3 in diabetic wounds via gene trans-
fer improves wound healing by enhancing collagen pro-
duction, angiogenesis and wound closure in db/db mice.

Efficient wound repair is a coordinated process that
not only requires an increase in the synthesis and depo-
sition of collagen and angiogenesis, but also migration of
fibroblasts and keratinocytes into the wound area. Not
surprisingly, impaired wound healing in db/db mice has
been linked with reduced expression and deposition of
type | collagen (Col1A1) and angiogenesis.* Our previ-
ous work showed that overexpression of HoxD3 can in-
duce a marked increase in Col1A1 mRNA in cultured
endothelial cells” and our current studies indicate that
HoxD3 also enhances Col1A1T mRNA expression and
deposition in vivo. Furthermore, we have shown that
HoxD3 also increases expression of the proangiogenic
B3-integrin as well as expression of uPA to promote EC
migration.”” Thus not surprisingly, administration of
HoxD3 in vivo also leads to an increased B3-integrin
expression and angiogenesis in db/db wounds. Our find-
ings are also consistent with recent studies in which mice
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Figure 8. Appearance of wounds 21 and 42 days after gene transfer. a: Histological appearance of healed wounds 21 days after application of HoxD3. Collagen
is stained blue. b: Higher magnification of a showing organized collagen fibrils and numerous small capillaries in the area. ¢: Appearance of healed wound tissue
42 days after application of HoxD3. d: Higher magnification of ¢ showing organized collagen fibrils (blue) and small blood vessels. e: Appearance of healed
wound tissue 42 days after application of Bgal (control) expression plasmid. f: Higher magnification of e. Scale bars, 35 um (b, d).

genetically deficient in PAI-1, an inhibitor of uPA-medi-
ated proteolysis, show a significantly accelerated rate of
wound closure.?®

We show that a HA-tagged HoxD3 fusion construct
was able to transfect the cells of the open wound and that
expression of the epitope-tagged HoxD3 was observed
for at least 7 days after wounding. In addition to expres-
sion in endothelial cells in the granulation tissue, we also
observed expression of the Hox transgene in fibroblasts
as well as basal keratinocytes of the diabetic wound. Our
results also suggest that HoxD3 is primarily stimulating
the repair programs in endothelial cells and fibroblasts
and only indirectly enhancing keratinocyte migration. Our
previous studies demonstrated that HoxD3 is particularly
effective in promoting an angiogenic phenotype in cul-
tured microvascular endothelial cells.’” We also show
that HoxD3 can stimulate collagen synthesis in trans-
fected fibroblasts and thus it is likely that uptake and
expression of HoxD3 by wound fibroblasts plays a sig-
nificant role in collagen synthesis in our model of diabetic
wound healing. It is also worth noting that we did not
observe any differences in the ability of HoxD3-express-
ing fibroblasts to contract collagen gels as compared to
control-transfected fibroblasts (N. Boudreau, unpub-
lished observations). HoxD3 however does not directly
enhance migration of keratinocytes in vitro. Therefore, the
increased rate of re-epithelialization observed in HoxD3-
treated wounds in vivo may be attributed to the increased
deposition of collagen. Previous studies showed that ad-
hesion to collagen could activate nonmotile keratinocytes
and plating keratinocytes on type | collagen could di-

rectly promote migration.?*% Likewise transforming
growth factor-B1, a cytokine known to enhance extracel-
lular matrix and collagen production, accelerates healing
in diabetic animals, despite the fact that it can inhibit
keratinocyte proliferation.?®?” We have also observed
that although HoxD3 is normally expressed by cultured
endothelial cells and fibroblasts, it is not expressed by
cultured keratinocytes (N. Boudreau, unpublished) and in
fact a recent study suggested that increasing expression
of the HoxDS3 target gene, avB3 in keratinocytes may
enhance their adhesion to fibrinogen in the clot and pos-
sibly retard sloughing of the eschar.?® Together these
findings suggest that limiting HoxD3 expression to fibro-
blasts or endothelial cells might further improve wound
repair.

Because it was difficult to accurately measure
changes in wound healing rates between the HoxD3-
treated wounds and control in our smaller (0.8 cm) wound
model, we used a larger excisional wound (2.5 cm) to
evaluate the wound closure rate. On average, the un-
treated diabetic wound closed at least 2 weeks later than
HoxD3-treated wounds. More rapid wound closure in
HoxD3-treated diabetic wounds indicated that increased
collagen synthesis and angiogenesis associated with
HoxD83 transfection had a measurable affect on the more
biologically relevant parameter of wound size. This is not
surprising as it correlates to the proliferative phase of
wound healing.?®

Remarkably, this improvement in wound closure re-
quired only a single application of HoxD3. Because we
observed such a robust induction of collagen synthesis
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and deposition with this single treatment, restoring ex-
pression of other factors lacking in the diabetic wound
environment, rather than repeated treatment with HoxD3
may be required to further improve the rate of wound
closure. It is also worth noting, that in wild-type animals in
which HoxD3 is abundantly expressed,”’ topical applica-
tion of HoxD3 does not further improve healing (S. L.
Hansen, unpublished). Although we observed expres-
sion of the HoxD3 transgene for up to 10 days after
application, we observed positive effects on wound heal-
ing for longer periods. It is not clear whether low, almost
undetectable levels of HoxD3 protein persist for longer
periods or whether the initial application of HoxD3 is
sufficient to initiate a cascade of events such as in-
creased formation of granulation tissue that secondarily
allows wound healing to proceed. For example, although
HoxD3 does not directly promote migration in cultured
keratinocytes we observe increased re-epithelialization of
wounds in vivo suggesting that HoxD3 creates of a favor-
able microenvironment for keratinocyte migration. Simi-
larly, previous studies have suggested that oxygen is
necessary for sustained fibroblast synthesis of collagen®°
and thus the direct improvement in tissue perfusion via
HoxD3-mediated angiogenesis may act to prolong colla-
gen synthesis in the wound.

Previous studies using microinjection of naked DNA or
direct administration of plasmid DNA after mild abrasion
in the skin also showed a rapid but transient expression
of the transgenes with peak expression observed any-
where between 3 to 72 hours and low to undetectable
levels by 7 days after gene transfer.®'2* The longer
duration of expression of the HoxD3 transgene in our
current study is likely attributed to the methylcellulose
carrier that retains DNA at the wound site and slows
diffusion of the plasmid into the wound and tissue fluid. A
recent study also suggested that a major limitation of
plasmid DNA gene transfer was the inability of plasmid
DNA to effectively enter the nucleus.®* However, re-
peated applications of plasmid DNA did not enhance
efficiency but in fact had a detrimental effect on healing.
By comparison, the methylcellulose carrier method de-
scribed here yields a robust, widespread expression of
the transgene after a single application and allows the
use of relatively lower concentrations of plasmid DNA per
mm of wound area.

A number of previous studies have shown that appli-
cation of either recombinant proteins, adenovirus, or
plasmid DNAs expressing a variety of cytokines absent
or reduced in diabetic wounds can also improve wound
repair.52934-87 For example addition of platelet-derived
growth factor, bFGF, keratinocyte growth factor, epider-
mal growth factor, transforming growth factor-g1, and
vascular endothelial growth factor have all been success-
fully used to accelerate wound repair. It would be of
interest to determine whether cDNAs expressing these
cytokines were relatively more effective by using the
methylcellulose method described here. Also because
many of the previous studies have used different size
wounds and a variety of methods to deliver the cytokines,
it is not possible to directly compare the effectiveness of
HoxD3 with these factors. However, because both bFGF

and epidermal growth factor induce expression of HoxD3
in cultured endothelial cells, it is possible that many of
these cytokines work by reactivating expression of Hox
transcription factors, which subsequently activate ex-
pression of the wound repair programs in the appropriate
cells. It will also be of interest to determine whether
HoxD3 expression is also altered in wounds in humans
with type | or type Il diabetes.

Despite the robust increase in collagen synthesis and
deposition by HoxD3, no evidence of abnormal wound
healing was observed in mice up to 90 days after gene
transfer. Histologically, the HoxD3-treated wounds
showed normal remodeling of collagen and wound tissue
throughout time, suggesting that high levels of expres-
sion of the transgene during the early stages in wound
repair was sufficient to induce a prolonged but not per-
manent change in cellular phenotype. Our inability to
detect the fusion protein after 10 days suggests that the
plasmid was only transiently expressed and not perma-
nently integrated into the cellular DNA.

Importantly, although sustained high levels of HoxD3
expression can lead to generation of hemangioma-like
structures, we did not observe any evidence of heman-
gioma or hemorrhage in HoxD3-treated animals.™" Inter-
estingly, sustained high levels of vascular endothelial
growth factor expression arising from implantation of ge-
netically engineered myoblasts into ischemic limbs also
generates hemangioma-like structures, and emphasizes
the need for controlled, transient expression of proangio-
genic genes for effective therapeutic intervention.®® The
lack of abnormal wound healing or vascular malforma-
tions along with the normal remodeling seen in HoxD3-
treated wounds is consistent with a transient expression
of the HoxD3 transgene as suggested by the inability to
detect the fusion protein or plasmid DNA after 7 to 10
days.

Together these results indicate that a single applica-
tion of HoxD3 DNA incorporated into an inert methylcel-
lulose patch not only provides a simple means to en-
hance angiogenesis and diabetic wound repair but is
also devoid of complications arising from prolonged or
sustained high levels of angiogenic gene expression as-
sociated with other gene transfer protocols.
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